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PREFACE 
 This thesis is presented in “Journal” format. The primary article related to this research is 
presented in Chapter 2, and is in preparation for submission to a journal with the title 
“Paleoclimatology and paleotempestology study of Blue Hole, Lighthouse Reef, Belize through 
geochemical proxies.” Chapter 1 provides an introduction to the topic and study area. Additional 
synthesis and suggestions for future work are included in Chapter 3.  
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 ABSTRACT 
A large Pleistocene age sinkhole, the Blue Hole on Lighthouse Reef off the coast of 
Belize in the Caribbean Sea is the site of a well preserved sedimentary record that serves as 
paleoclimatology and paleotempestology archive. The nutrient-starved surface waters of the Blue 
Hole and the surrounding lagoons are “fertilized” by the seasonal introduction of cool, nutrient-
rich waters upwelled from the Caribbean deep water. These waters, which stimulate production 
of organic materials within the surface waters, carry a heightened isotopic signature that is 
imparted to the organics resultant from upwelling-induced production. These organics are then 
incorporated into the predominantly carbonate sediment at the base of the Blue Hole and become 
part of the sedimentary record. In this study, the δ15N signal of the residual organics from 
vibracore BZE-BH-SVC4 was analyzed and compared to an age-depth framework for the core in 
order to identify fluctuations in local upwelling intensity using δ15N as a proxy for relative 
intensity. It was hypothesized that these shifts in historical upwelling intensity were related to 
trends hemispheric-scale climatic records that might impact Caribbean atmospheric and oceanic 
patterns such as the North Atlantic Oscillation (NAO), the Medieval Climate Anomaly (MCA), 
the Little Ice Age (LIA), tropical cyclone (TC) strikes at the Blue Hole, and the average position 
of the Intertropical Convergence Zone (ITCZ). Our findings identify three distinct periods of 
upwelling diminishment/intensification as recorded by the δ15N signal of Blue Hole residual 
organics. However, it was determined that the timing of the upwelling regimes is largely 
disconnected from the historical behavior of these large-scale climatic indices.    
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1. INTRODUCTION 
 With large coastal populations and significant economic interests at risk from damage 
incurred by tropical cyclones (TCs), there is a clear need to understand not only the behavior to 
understand individual TCs but to examine TC regimes as a whole. However, the push to study 
these regimes and their relationship to a wider climatic history has been hampered in previous 
studies due to gaps or problems within available observational records (Elsner et al., 2008; 
Henderson-Sellers et al., 1998; McCloskey & Liu, 2012). This study aims to improve our 
understanding of how climatic forcing mechanisms relate to the physical oceanography and TC 
occurrence as evidenced from the extraordinary paleoclimatological archive within the 
sedimentary record of the Blue Hole, Lighthouse Reef, Belize (Denommee et al., 2014; Gischler 
et al., 2013; Gischler et al., 2008). The Blue Hole is a large sinkhole located in the Lighthouse 
Reef, a component of the larger Belize Barrier Reef, located about 70 km east of the Belize 
coastline (Gischler and Hudson, 2004). Formed in the Pleistocene, the Blue Hole measures 125 
m in depth and 320 m across (Gischler et al., 2008) and is marked by anoxic conditions that 
begin in the sinkhole water column at about 90 m in depth (Dill, 1977). The Blue Hole has 
previously been implemented as a study site for several other climate and storm archive 
investigations (Denommee et al., 2014; Gischler et al., 2008; Gischler et al., 2013). 
Paleoclimatology is the field of science which examines the history of climate variability 
on various scales.  Focusing on shifts in global and regional climate patterns over the geologic 
past, paleoclimatology uses records of proxy data to determine the influence of various 
mechanisms and processes that contribute to fluctuations in Earth’s climatological history. 
Paleoclimatology addresses the rates associated with climate changes, aids in “fingerprinting” or 
determining the exact influence of processes and acts as a verification marker for modern climate 
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models. It also investigates the sensitivity of the environment to various stimuli factors (Cronin, 
1999). To achieve these ends, current studies employ a wide range of proxy data to investigate 
paleoclimate changes from a variety of past environments. These techniques can be implemented 
to identify the impact of specific forcing mechanisms like the El Niño/Southern Oscillation 
(ENSO), North Atlantic Oscillation (NAO), SST, and monsoons, as well as large scale climate 
shifts associated with Milankovitch cycles, loss/gain of polar ice, and deglaciation. They can also 
be used to examine specific physical oceanographic behaviors like upwelling/downwelling, 
Ekman pumping, and other hydrographic phenomena. Though each type of data has limitations 
based on type of environment and the desired level of resolution, widely used proxy data 
includes tree rings, botanical cellulose, stable isotope geochemistry, ice cores, pollen, and marine 
and lacustrine sediment records (Cronin, 1999; Curtis et al., 1998; Elsner et al., 2000; Elsner et 
al., 2006; Goldenberg et al., 2001; Hippensteel, 2010).  Within this broader field of paleoclimate 
investigations, paleotempestology uses evidence of storm recurrence intervals to identify 
potential climatic influences and to suggest future patterns based on predictive modeling 
(Frappier et al., 2007). 
An ideal study site for paleotempestology records fulfills the following four 
characteristics to ensure relevant, quality data. The sediment should demonstrate clear evidence 
of the sediment source as well as the manner of deposition. The site should be consistent in terms 
of sediment source and mode of deposition on a scale of thousands of years. The record must be 
from a site that experiences enough storm activity so that is relevant. Finally, the data from the 
site should analogous with data collected from other sites in the region (Hippensteel, 2010). By 
investigating storm strikes on a regional level using a multi-proxy approach it is possible to 
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establish a TC recurrence cycle on decadal and millennial scales to tie into the larger framework 
of the regional and global paleoclimatic question.  
With regards to these parameters, the Blue Hole is an attractive site for both 
paleotempestological and paleoclimatological studies. There is an identified source for sediment 
deposition (Gischler, et al., 2008). It provides a complete sedimentological record that is 
undisturbed by wave action or other erosive events (Denommee et al., 2014). The site location in 
Belize regularly experiences TC events over extended intervals of time and thus can provide a 
relevant record of strikes that can be detected in other regional paleotempestological records 
(Denommee et al., 2014; Gischler et al., 2013; McCloskey & Keller, 2009; McCloskey & Liu, 
2013). The good sediment preservation paired with the Blue Hole’s proximity to trade winds, 
hydrographic features like the Yucatan Current, and the deep water basins of the Caribbean Sea 
also contribute to its usefulness as a larger paleoclimate record rather than solely a recorder of 
TC events.  
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2. PALEOCLIMATOLOGY AND PALEOTEMPESTOLOGY STUDY OF BLUE HOLE, 
LIGHTHOUSE REEF, BELIZE THROUGH GEOCHEMICAL PROXIES 
2.1 Introduction 
The purpose of this study is use stable isotope geochemistry to examine the link between 
upwelling intensity and regional to basin-wide climatic forcing mechanisms by investigating 
how geochemical signatures are influenced by the physical oceanography at the Blue Hole of 
Lighthouse Reef, Belize. Paleoclimate studies commonly employ stable isotopes ratios such as 
δ13C and δ18O as proxies for observations such as historic CO2 levels or evaporation/precipitation 
patterns (Curtis et al., 1998; Fan & Liu, 2008, Frappier et al., 2002; Frappier et al., 2007; 
Gischler et al., 2009). By focusing on the stable isotope analysis of the residual organic material 
within carbonate deposits, this study focuses on linking physical oceanography and various 
hydrographic pathways to the larger paleoclimatological picture.  
Denommee et al. (2014) determined that the record of tropical cyclones striking 
Lighthouse Reef over the last ca. 1200 y is related to hemispheric patterns of ocean-atmosphere 
coupling, such as the North Atlantic Oscillation (NAO) and sea surface temperature (SST) in the 
main development region for North Atlantic TCs. Gischler et al. (2008) suggested that organic 
production from upwelling imparts a strong geochemical signal to sediments in the Blue Hole. In 
this study, we will explore possible relationships between ocean-atmosphere phenomena that 
influence both ocean upwelling and TC strikes near the Blue Hole. If these processes are related, 
can such connections provide greater insight with respect to controls on long-term TC frequency 
and tracks? 
The δ15N values of marine organics reflect the signals imparted from both larger nitrogen 
pools and the fractionation that accompanies biogeochemical transformation (Leichter et al., 
2007). The abundance of nitrogen in important compounds like N2, NO3
–
, NO2
–
, NH4
+
, NH3 
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make it an important constituent in biochemical processes and therefore a proxy for the study of 
these processes (Faure & Mensing, 2005). Elemental nitrogen consists of two stable isotopes, 
14
N 
and 
15
N. Nitrogen isotopic composition is commonly described using the δ-notation, defined as: 
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)         
(
   
   
)         
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(Faure & Mensing, 2005). 
It is a well-documented phenomenon that many chemical constituents of seawater that are 
cycled as or with nutrients, such as nitrate, phosphate, and silicate, experience lower 
concentrations in the upper hundred or so meters of the water column but increase at depth due 
to surface uptake and subsequent release from the decomposition/respiration of organic material 
sinking from the euphotic zones. As such, deep upwelling is one of the primary mechanisms for 
reintroducing nutrient rich waters into the shallower, nutrient starved waters to act as “fertilizer” 
for organic processes (Pérez et al., 1999; Pickard & Emery, 1990). Increases in upwelling 
intensity results in higher nutrient concentration in surface waters and associated increased 
production (Casas et al., 1997). Once introduced to the surface water, as the overall 
concentration of seawater constituents varies with depth, there are also changes in the isotopic 
signatures of these constituents due to biologic processes associated with ongoing production in 
the euphotic zone.   
With the isotopic fractionation that occurs with preferential uptake of dissolved 
14
N by 
phytoplankton, the remaining dissolved nitrogen pool becomes enriched in 
15
N. As the 
phytoplankton begin to die, sink, and decompose into particulate organic matter (POM), 
fractionation continues. The denitrification of NO3
– 
into N2 causes the 
15
N enrichment of the 
remaining nitrate. Though δ15N of surface nitrate varies regionally, deep water δ15N is consistent 
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throughout many deepwater basins such as the Lower Circumpolar Deep Water, North Atlantic 
Deep Water, and central Pacific deep water with a typical value ~4.8‰ (Leichter et al., 2007; 
Sigman et al., 2000). As a result, water masses in coastal upwelling areas acquire enhanced δ15N 
values and can imprint the heightened isotopic ratio on surface/near surface marine organics and 
organisms during product ion in various regions like the northwest African coast, the northwest 
Spain, the Great Bahama Bank, and the Cariaco Basin in Venezuela (Bertrand et al., 2009; Bode 
et al., 2003; Freudenthal et al., 2002; Swart et al., 2014; Thunell et al., 2004). Freudenthal et al. 
(2002) investigated changes in upwelling intensity off the coast of Morocco through various 
geophysical and geochemical proxies including δ15N. They found that periods of intensified 
upwelling are recorded in sediment geochemistry and is marked by increases in δ15N attributed 
to heightened productivity induced by upwelling (Freudenthal et al., 2002). 
By investigating the relationship between the geochemical signature of organic material 
within Blue Hole sediments and upwelling, this study aims to create a more clear understanding 
of physical oceanography in the Caribbean Sea near Belize and how it relates to centennial scale 
paleoclimatologic records. This project focuses on the Blue Hole located in the Lighthouse Reef 
off the coast of Belize in the Caribbean Sea. One vibracore (BZE-BH-SVC4) is analyzed in this 
study. In 2009 this core was collected at 120 m water depth (17° 18.97N, 87° 32.1W). While 
many previous studies address the hydrographic regimes in nearby Caribbean Sea areas like the 
Cariaco Basin (Muller-Karger et al., 2001; Peterson et al., 1991; Thunell et al., 2004) and the 
more northern Yucatan Peninsula (Pérez et al., 1999; Pérez-Santos et al., 2010; Merino, 1997), 
there is a dearth of studies addressing the physical oceanographic dynamics that influence the 
coast of Belize and their relation to large-scale climatic mechanisms. We hypothesize that:  
1. δ15N values in the sediment record can be used to track upwelling patterns at the Blue Hole.  
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2. These patterns of local upwelling are related to hemispheric climate patterns like the NAO, 
ITCZ migration, and TC recurrence.  
3. These relationships can be validated or refuted by comparison of our δ15N records with 
proxies for NAO, ITCZ migration, and TC recurrence. 
2.2 Geological History and Climatological Setting  
2.2.1 Geological and Physical 
Located 70 km off the coast of Belize and extending 250 km in length, the Belize Barrier 
Reef is the largest reef system in the Atlantic Ocean (Figure 2.1) (Gischler and Hudson, 2004).  
 
 
Figure 2.1. A location map of the Blue Hole on Lighthouse Reef indicating an abrupt 
dropoff into deepwater immediately to the east of the reef platform (modified from 
Denommee et al., 2014).  
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It is composed of Holocene atolls, carbonate platforms, and rimmed shelves that built up 
along the antecedent topography and NNE-trending faults of this passive margin (Gischler and 
Hudson, 2004; Gischler et al., 2008). The study site, the Blue Hole, is a sinkhole located in the 
Lighthouse Reef portion of the complex. This Pleistocene-age sinkhole, 125 m deep and 
spanning 320 m in diameter (Gischler et al., 2008), formed from a collapse of the karst cave roof 
during a Pleistocene low-stand (Dill, 1977) (Figure 2.2). Though located along a passive margin, 
the study site is located approximately 200 km north of the active Caribbean/North American 
plate boundary. However, the low recurrence interval for associated seismic events relative to 
TC activity suggests that any earthquakes or related activity would have little effect if any effect 
on event bedding or disruption of sediment within the sinkhole (Denommee et al., 2014). 
 
 
At the surface, the Blue Hole is flanked by patch reefs, with two breaks on the northern 
and eastern sides of the coral perimeter which allow for exchanges of ocean materials and access 
to the site. The lagoon surrounding the sinkhole is only 5m in depth, and the inside walls of the 
sinkhole are pitched at 30° before transitioning to vertical walls at 10m (Gischler et al., 2008). 
Below approximately 90m depth, the conditions in the Blue Hole become anoxic (Dill, 1977). 
Figure 2.2. A cross section of the Blue Hole (modified from Gischler et al., 2013). 
9 
 
This anoxic environment sheltered from the shallower wave base is key to the preservation of 
sediment that accumulates at the base of the sinkhole. The carbonate sediment deposits at the 
bottom of the sinkhole consist almost exclusively consists of fine-grained CaCO3 with little to no 
siliclastic input (Gischler et al., 2008). XRD analysis indicates carbonate composition of 75% 
aragonite, 23% high-Mg calcite, and 2% low-Mg calcite. There are variations in the relative 
ratios in the sediment through time, though with no discernible trend (Gischler et al., 2008). 
Some siliclastic sediment may be present in the form of Saharan dust that has been incorporated 
into the sediment record as is frequently encountered through the Caribbean (Muhs, et al., 2007; 
Swart et al., 2014). Analysis also indicates the presence of structureless organic matter 
contributing up to an average 6.8 weight % of sediment bulk in fresh core material. Organic rich 
zones are postulated to have at least partially as a result of winter upwelling when nutrient-rich 
waters are introduced to the nutrient-starved surface waters and stimulate increased production in 
the surface waters (Gischler et al., 2008). Microbial primary production is also likely here under 
the sulfate-reducing conditions that dominate the anoxic zones of the deeper water column 
within other blue holes (Gonzalez et al., 2011), although this has not been specifically 
documented for our study. 
2.2.2 Climatology and Oceanography 
Belize experiences a subtropical climate with average air temperatures at the Blue Hole 
ranging from 24°C to 30°C during the winter and summer respectively. Water temperature varies 
similarly at 23°C during the winter and 29°C during the summer (Gischler et al., 2013). The 
region experiences east/northeasterly trade winds except for during the winter months when the 
winds frequently come from the north/northwest (Gischler et al., 2008; Pérez-Santos, et al., 
2010). The site’s location within the intertropical convergence zone (ITCZ) results in higher 
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precipitation rates in the summer-fall period while ITCZ migration to the south towards the 
Amazon basin near the equator during the winter depresses precipitation rates (Gischler et al., 
2008; Pérez-Santos, et al., 2010).   
Previous studies regarding regional wind regimes focused on the wind and hydrographic 
behavior along the northern and eastern flanks of the Yucatan Shelf and do little to address the 
nature of physical oceanography in the area immediately adjacent to the Blue Hole (Pérez, et al., 
1999; Pérez-Santos et al., 2010; Merino, 1997), although the proximity of these studies makes 
their findings broadly relevant.  In the Yucatan Basin immediately north of the Blue Hole 
(22°N–18°N), the east/northeasterly wind regime responsible for local Ekman transport and 
pumping favors stronger upwelling in mid-ocean settings from the middle of October to 
December (Figure 2.3) (Pérez-Santos et al., 2010).  
This upwelling is produced by regular regional variations of the wind field, and not so 
much by wind and flow interaction with a boundary, as happens for coastal upwelling. Though 
the investigation by Pérez -Santos et al. does not focus on our study site, the regional maps 
Figure 2.3. Long-term seasonal means of wind stress vectors (right) and Ekman pumping (left) 
off the Yucatan basin from QuikSCAT satellite data. The direction of wind vectors indicates 
the shift in the western Caribbean wind field from easterly trade wind dominance to the onset of 
northerly seasonal winds during the winter. The magnitude of Ekman pumping indicates the 
presence of positive Ekman pumping (upwelling) on an order of magnitude of about 0.1 m per 
day immediately to the north of Lighthouse Reef (modified from Pérez-Santos et al., 2010).  
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produced by the study show the general behavior wind and Ekman dynamics behavior 
immediately north of the Blue Hole region from October to December (Figure 2.3).  
A third style of upwelling is also possible at Lighthouse Reef, produced by wind and flow 
interaction with the coastal boundary of the atoll. Gischler et al. (2008) suggested that coastal 
upwelling is dominant during when winds are north/northwesterly dominate during the winter 
months (Gischler et al., 2008), pushing surface waters offshore of the eastern atoll rim (Figure 
2.2). The upwelling introduces cool, deep Caribbean waters bearing dissolved materials that 
stimulate production in surface waters (Gischler et al, 2008; Merino, 1997).  The intensity of 
wind-driven upwelling is directly related to wind strength (Juillet-Leclerc & Schrader, 1987; 
Martinez et al., 1999), presumably in this case the strength of the seasonal winds from the north-
northwest during the winter. Other studies confirm the presence of Caribbean upwelling along 
the eastern margin of the Yucatan and northern Central America and suggest that upwelling is 
not exclusively driven by classic wind-driven Ekman dynamics but may also be influenced by a 
deviant flow generated by friction between the mass of the Yucatan Current, known as the 
Caribbean Current until it approaches the Yucatan Channel, and the slope of the continental 
boundary (Merino, 1997).  
This potential flow is induced by the deceleration of water in the Caribbean Current as it 
comes in contact with the land mass. In this scenario, the northward moving current generates a 
friction that induces vorticity pushing water to the left of the current’s direction of flow and lifts 
the deep water along the boundary towards the surface (Merino, 1997; Pond & Pickard, 1983). 
The ITCZ migrates to its northerly position during boreal summer resulting in the increased flow 
of the Yucatan and Caribbean Currents (Poore et al., 2004). This increased current flow would 
ostensibly drive a corresponding increase in current-driven upwelling though there has been little 
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to no work done to investigate the this potential relationship or to determine if interaction 
between the eastern reef front and the Caribbean Current would generate sufficient transport to 
overcome the effects of wind-driven Ekman behavior at the surface. 
2.2.3 Previous Work 
 Gischler et al. (2008) investigated the Blue Hole’s role as a climate archive by analyzing 
the sedimentology and stable isotope geochemistry of the carbonate material preserved in the 
sinkhole. Bulk δ18O analysis of skeletons of various constituents like corals, foraminifera, 
mollusks, and calcareous algae was used to construct a temperature curve for the late Holocene 
showing changes in relative seat surface temperature (SST). With δ18O values decreasing as SST 
increases, an approximate 0.2‰ shift for every one degree change, the δ18O variations observed 
in Blue Hole sediments were comparable to other temperature records for the late Holocene with 
δ18O peaks during the cooler temperatures of the Little Ice Age (LIA) and lows during the higher 
temperatures of the Medieval Climate Anomaly (MCA) (Gischler et al., 2008). 
The core stratigraphy includes thinly layered annual sediment varves and thicker bands of 
coarse-grained layers associated with tropical cyclone (TC) events (Gischler et al., 2008) (Figure 
2.4). Denommee et al. (2014) investigated the timing and recurrence of these TC event layers 
created an age/depth framework to describe the sedimentation ages of the cores. The cores used 
in this study were the same used by Denommee et al. (2014). When 
14
C AMS dating was 
conducted on organic residue along the length of the core to verify the accuracy of a varve-
counting age model, there was an apparent near-constant -339 year temporal offset (not 
accounted for by reservoir corrections or 
14
C calibration) between the age of the 
14
C of the 
organics and the sediment varves that could not be accounted for by a hiatus in sedimentation 
(Denommee et al., 2014).  
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The cause of the -339 year offset between the layer-counting and 
14
C AMS ages was not 
resolved but was suggested to represent an older reservoir of 
14
C being incorporated into the 
organics that were subsequently incorporated into the Blue Hole sediment record (Denommee et 
al., 2014). There are at least two plausible sources of the DIC that contributes to the Blue Hole 
organics. The first is dissolved CO2 upwelled from the Caribbean deep water and mixed into 
Blue Hole surface waters. The second is from the ongoing calcium carbonate dissolution that 
typically occurs in the karst environment of blue hole structures throughout the Caribbean 
(Raeisi & Mylroie, 1995; Whitaker et al., 1997). If the source of old 
14
C were confined to 
sources from upwelling, then variations in 
14
C could potentially be used as a proxy for long-term 
upwelling. However, because the relative contributions from karst and oceanic DIC to 
14
C in 
Figure 2.4. An image of the BZE-BH-SVC4 vibracore detailing normal annual varve 
stratigraphy and a TC event layer. The thin varve layers are primarily mud/silt material 
sourced from lagoons and reefs to the west. The changes in color of the buff and green 
laminae are influenced by changes in organic content dictated by the increased production 
associated with the upwelling of nutrient rich waters from deep water to the east during winter 
months. (Gischler et al., 2008) (modified from Denommee et al., 2014). 
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Denommee et al.’s (2014) age model have not been resolved, 14C cannot be used as an upwelling 
proxy for the present study.  
 Denommee’s evaluation of TC event layers in conjunction with the age/depth framework 
identified three separate TC regimes that can be observed in the Blue Hole stratigraphy. Sections 
of the core containing the most frequent TC strikes correspond to the MCA, a pre-industrial 
warming period extending from ~800–1300 CE (Denommee et al., 2014; Trouet et al., 2009). 
The frequency of TC event layers also decreases around the onset of the Little Ice Age around 
1400 CE and lasts until another resurgence in recorded TC events around 1900 CE (Denommee 
et al., 2014). This period of high TC occurrence is also coincidental with basin-wide climatic 
mechanisms like a persistently positive phase of the North Atlantic Oscillation (NAO) and a 
sustained period of increased SST in the main development region (MDR) that create favorable 
conditions for TC formation.  
2.3 Methods and Materials 
2.3.1 Previous Field and Laboratory Measurements 
 The vibracore BZE-BH-SVC4 was taken from the Blue Hole in the Lighthouse Reef of 
the coast of Belize at 17° 18.97N, 87° 32.1W at 120m water depth in 2009. The core was split at 
Memorial University of Newfoundland and imaged using a visual-light Geotek Geoscan digital 
imaging system. These images were available for this study. After splitting and imaging, the core 
was described, analyzed for grain size, and used to develop an age-depth model implementing 
210
Pb/
137
Cs geochronological analysis, radiocarbon dating, and assessment of varve stratigraphy 
(Denommee et al., 2014). While six meters of core length was collected, this study focuses on 
the upper four meters of core due to budgetary constraints and because this core interval 
encompasses distinct periods of high and low TC activity. 
15 
 
 The data produced during this study were generated using instruments available at the 
Louisiana State University (LSU) Geology and Geophysics Department and at Texas A&M 
University (TAMU) Agriculture and Life Sciences Department. A total of 375 samples were 
collected from the upper four meters of core sections. These samples were dried and ground to a 
uniform powder using a SPEX SamplePrep 8000D Dual Mixer/Mill.  
2.3.2  δ15N Analysis 
 Measurements of δ15N were conducted on residual organic material from 135 samples at 
the TAMU Stable Isotopes for Biosphere Science Laboratory. Preliminary tests indicated that 
samples with low organic content failed to generate sufficient amounts of nitrogen gas in order to 
register accurate δ15N measurements. So the final sets of samples selected for analysis were 
taken from zones of higher organic content as measured by visible assessment. Samples were 
prepared at LSU using the following methods modified from Verardo et al. (1990). Powdered 
samples of 20-25mg were measured into silver capsules and placed into a 96 well sample tray. 
The sample trays were agitated so that the sample material primarily rested against the edge of 
the capsule at a near 45° angle. Each capsule was pretreated with 30μ of 18 megaohm deionized 
water to prevent violent reaction during the sulfurous acid addition. 20μl of 5-6% sulfurous acid 
was then added to each sample. After the sulfurous acid addition, the sample tray was placed on 
a 65°C hot plate in a fume hood for 15 minutes. 30μl was then added to the samples and placed 
back in the fume hood. Successive acid additions were added in 50μl amounts. To prevent 
overflow and loss of sample material, each 50μl addition was added in 25μl allotment.  After the 
each sulfurous acid addition, the sample tray was placed on a 65°C hot plate in a fume hood for 
15 minutes. 50μl allotments continued to be added until there was no visible effervescence. 
Samples were placed on the heat plate overnight to dry. 
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After the initial round of digestion, approximately 20-25mg of additional sample material 
was added to each capsule. The sample trays were agitated so that the sample material primarily 
rested against the edge of the capsule at a near 45° angle. Each capsule was pretreated with 30μ 
of 18 megaohm deionized water to prevent violent reaction during the sulfurous acid addition. 
20μl of 5-6% sulfurous acid was then added to each sample. After the sulfurous acid addition, 
the sample tray was placed on a 65°C hot plate in a fume hood for 15 minutes. 30μl was then 
added to the samples and placed back in the fume hood. Successive acid additions were added in 
50μl amounts. To prevent overflow and loss of sample material, each 50μl addition was added in 
25μl allotment. After the each sulfurous acid addition, the sample tray was placed on a 65°C hot 
plate in a fume hood for 15 minutes. 50μl allotments continued to be added until there was no 
visible effervescence. Samples were placed on the heat plate overnight to dry and subsequently 
stored in a desiccator until wrapped and packaged.  
Each tin capsule was rolled into a compact ball, wrapped in a silver capsule, and secured 
in a sample tray. Analysis was carried out on a Costech Elemental Analyzer System coupled to a 
Thermo Scientific Delta V Advance IRMS at TAMU.  Measurements of %N were also collected 
during analysis. 
2.4 Results 
δ15N results were plotted against core depth and varve age from Denommee et al. (2014) 
(Figure 2.5). Overall, δ15N averaged +1.44‰ with a standard deviation of 0.44.  To help identify 
temporal trends, a three-point moving-average filter was applied to δ15N results, and regressions 
were conducted of δ15N as a function of age using the SigmaPlot regression tool (Figure 2.6). 
Comparing moving-average results to the mean ±1 sd, two pronounced δ15N highs are evident 
ca. 1750 and 1075 CE that exceed mean+ 1 sd, and two pronounced lows are evident that fall 
A 
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below mean – 1sd (ca. 1475 and 1275 CE). Overall, core intervals of approximately 0–132 cm 
(~1600 to 1968 CE) and 287–400 cm (900 to ~1200 CE) are characterized by an observable 
enrichment of δ15N relative to the average δ15N values and the diminished δ15N signal of core 
interval of approximately 133–286 cm (~1200 to ~1600 CE). For a linear regression of δ15N vs. 
varve age, the resulting slope (-8 x 10
-5
) was negligible and the goodness of fit was poor (r
2
=3 x 
10
-3
), suggesting no linear trends through time. 
A sine function was also fit to the data to evaluate possible periodicity in results (Figure 
2.6). Similar to the data filtered by moving average, broad periods of high δ15N occur ca. 1700 
and 1050 CE, and a period of low δ15N is centered on ca. 1375; however, the low r2 value for this 
regression (0.30) suggests that most of the variability in the data must be explained by processes 
varying over timescales shorter than ~325 years, or half of the sine period identified by the 
regression. Finally, a power-spectrum analysis was conducted on the data using the Excel 
Fourier Analysis tool to identify potential periodicities in the δ15N record. In order to construct a 
Figure 2.5.  Plot of δ15N (‰ AIR) vs. varve age (years CE) and core depth (cm). 
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valid working test, gaps in the 132 δ15N value sample set were filled and padded with the 
average δ15N value (+1.44‰) to create a 512 value evenly spaced sample set necessary for 
analysis. However, no meaningful spectral peaks were identified likely as a result of poor sample 
resolution due to the large amounts of necessary data padding.  
 
 
2.5 Discussion 
 Core intervals of approximately 0–132 cm (~1600 to 1968 CE) and 287–400 cm (900 to 
~1200 CE) are characterized by an observable enrichment of δ15N relative to the average δ15N 
values and the diminished δ15N signal of core interval of approximately 133–286 cm (~1200 to 
~1600 CE). The occurrence of δ15N enrichment of organics within a core interval could be 
explained by sourcing the heightened δ15N signal from Caribbean deep water introduced to the 
Figure 2.6.  A combined plot of δ15N (‰ AIR) vs. varve age (years CE) with mean δ15N 
plotted with ± 1σ and sine regression function with 95% prediction band. 
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ocean surface by upwelling along the reef front of Lighthouse Reef or farther offshore. Coastal 
upwelling has been strongly suggested as at least one of the source of organics found in Blue 
Hole sediments (Gischler et al., 2008), and oceanic upwelling is known to occur in nearby 
regions offshore of Lighthouse Reef (Pérez Santos et al., 2010). We know of no other likely 
source of dissolved nitrogen at this relatively pristine location that could produce such a signal 
over 1200 years of pre-industrial time. 
Upwelling results in the introduction of remineralized organics and associated nutrients 
from deep water basins. This upsurge in dissolved nutrients in the euphotic zone of the waters of 
the Blue Hole and surrounding lagoons leads to an increase in overall biologic production which 
is recorded in higher δ15N values of produced organic matter (Bertrand et al., 2000). This 
phenomenon is similar to the imprinting of higher δ15N values in carbonate sediment organics 
influenced by upwelled waters on the Great Bahama Bank (Swart et al., 2014). While mean δ15N 
was measured to be 0.1‰ (n=256, σ=0.7), samples taken from locations from the eastern flanks 
of the GBB study area adjacent to deep basin waters and the resultant upwelling zones showed 
higher δ15N values (+3‰) than the majority of sample sites which were located further away 
from the upwelling zones (Swart et al., 2014). The range of δ15N values found by Swart et al. 
(2014) is slightly larger than but the same magnitude as the range in our study (~2‰).  
Although fixation of atmospheric N2 by cyanobacteria might be the primary influence in 
nutrient-starved zones spatially removed from deeper, nutrient-rich upwelled water, the δ15N of 
sites located within zones upwelling activity can be overprinted by the isotopic signature of 
upwelled material (Swart et al., 2014). This explanation is congruent with the observation that 
even within study areas primarily influenced by atmospheric N2 fixation, the geochemistry of 
organics is measurably affected by the isotopic signal of increased productivity associated with 
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upwelling (Swart et al., 2014). The increased strength of mean δ15N signal in the Blue Hole 
(+1.44‰) suggests the influence of upwelling on isotopic fractionation within organic material at 
the Blue Hole. The remineralized N2 and its heightened isotopic signal transported to the surface 
during upwelling is fixed into NO3
–
 during production and incorporated into the wider biologic 
web of Lighthouse Reef and the Blue Hole through primary production and upward trophic 
transfer (Bode et al., 2003). These particulate organic materials are then transported into the Blue 
Hole from lagoons and patch reefs flanking the sinkhole by currents moving water across the 
reef top, then sink into and deposit in the Blue Hole. 
And although there is evidence of organic primary production occurring in the anoxic 
zone of the Blue Hole, the process of microbial production under sulfate reducing conditions 
indicates an absence of additional electron acceptors such as nitrogen involved in the production 
(Bottrell et al., 1990; Gonzalez et al., 2011). Therefore the δ15N signal is subject to oceanic 
control and is not influenced by primary production within the Blue Hole. 
We have compared these proxy results for upwelling intensity to proxy paleoclimate 
indicators for TC return period (Denommee et al., 2014), the NAO index (Trouet et al., 2009), 
flow-through intensity of the Caribbean Current (Poore et al., 2004), and the north-south 
migration of the ITCZ, to evaluate possible connections between our record of relative upwelling 
intensity and these broader climatic phenomena. The timing of the δ15N intensification regimes is 
partially contemporaneous with basin-wide climatic factors such as the NAO and global periods 
of warming and cooling like the MCA and LIA (Figure 2.7). The NAO, which influences trade 
wind location, direction, and intensity, enters a largely positive phase from approximately 1000 
to 1350 CE which coincides with the upwelling intensification seen at the Blue Hole from 900 to 
~1200 CE (Figure 2.7) (Elsner et al., 2000; Trouet et al., 2009).  
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Figure 2.7. δ15N values with TC event layers per 20 yr and paleoclimate reconstruction. (A) 
TC frequency per 20 yr (Denommee et al., 2014); (B) Winter NAO reconstruction (Trouet et 
al., 2009); (C) δ15N values (‰ AIR) vs. varve age (years CE). 
A 
B 
C 
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Positive phases of the NAO lead to an increase in trade wind intensity and velocity and 
might presumably induce the strengthening of upwelling in zones dominated by the trades like 
the Caribbean Sea near Belize, via the oceanic upwelling mechanism described by Perez-Santos 
et al. (2010). The largely negative NAO phase that extends from around 1350 to 1950 CE 
encompasses a period of upwelling intensification from approximately 1600 to 1970 CE as well 
as a period of diminished intensity where lower δ15N values dominate from ~1200 to ~1600 CE 
(Figure 2.7) (Trouet et al., 2009). There is a similar inconsistency in timing observed in the 
markers for the global warming and cooling periods. The MCA, extending from ~800 to ~1350 
CE, corresponds to the upwelling intensification recorded on the older portion of the Blue Hole 
core from 900 to approximately 1200 CE (Figure 2.7) (Trouet et al., 2009). 
However, the timing of the cooling period in the LIA from ~1350 to ~1900 CE extends 
from the period of declining upwelling intensities and into the resurgence of intensification in the 
Blue Hole over the past 340 years (Bradley & Jones, 1993). Times of relatively intense 
upwelling (elevated δ15N) coincide with both times of frequent TCs impacting the Blue Hole 
from 900–1278 CE (Figure 2.7), but also during times of low TC activity (1600-1800 CE). Both 
times of less intense upwelling correspond to times of infrequent TCs (ca. 1275 CE, for a 20-y 
window only, and ca. 1475 CE spanning several centuries of low TC activity).    
We also examined the record of another climatic factor, the location and migration of the 
ITCZ. As the boundary between the southeast and northwest trade wind regimes, the migration 
of the ITCZ is an important driving mechanism for climatic variability throughout the Caribbean 
(Peterson & Haug, 2005; Poore et al., 2004). Its southward migration across the basins of the 
tropical Atlantic during boreal winter and northward migration during boreal summer produces 
strong annual patterns of trade winds and precipitation, and centennial-millennial migrations of 
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the mean ITCZ location produce similar regional shifts in wind and precipitation patterns over 
these same timescales (Peterson & Haug, 2005). In addition to the ITCZ’s association with 
variations in SST, precipitation patterns, and wind regimes, it also has an impact on ocean 
current behavior (Pérez-Santos et al., 2010). The northward migration of the ITCZ in boreal 
summer results increased flow of the Yucatan/Caribbean Current (Poore et al., 2004 ).  
This increased current flow also occurs during longer scale periods where the mean 
location of the ITCZ shifts northward during centennial or millennial-scale variations in 
hemispheric climate (Poore et al., 2004). Due to the ITCZ’s major role in regional paleoclimate 
trends, proximity to the study site, and influence on the nearby Caribbean Current (possibly an 
influence on current-driven upwelling), we compared the δ15N upwelling record to the variations 
in the mean position ITCZ. Northward shifts in the average location are recorded by increased 
relative abundance of the planktic foraminifera (Globigerinoides sacculifer) in the Pygmy Basin 
in the northern Gulf of Mexico (GOM). During periods when the mean ITCZ location shifts to 
the north, the enhanced flow of the Yucatan/Caribbean Current increases the penetration of the 
warm Loop Current waters into the GOM, indicated by the increased abundance of G. sacculifer 
in the Pygmy Basin sediment record (Poore et al., 2004) (Figure 2.8).  
No coherent patterns are obvious in Figure 2.8 relating Lighthouse Reef upwelling to 
Yucatan/Caribbean Current flow. Residual analysis was conducted on the linear regression of G. 
sacculifer relative abundance vs. varve age and δ15N vs. varve age/core depth. This was done in 
order to determine if small-scale fluctuations in mean ITCZ location independent of long-term 
trends corresponded to short-term variations in δ15N values that might be indicative of an 
association between ITCZ location and upwelling patterns. However, variations in G. sacculifer 
abundance, particularly positive spikes associated with northward ITCZ migration and 
A 
B 
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strengthening of the Yucatan/Caribbean Current, appear to be largely disconnected from the 
shifts in upwelling intensity seen in the δ15N record. This suggests that while the ITCZ and 
variations in its positioning is a major forcing mechanism associated with many climatic 
processes in the geographic region of the Blue Hole, it does not provide an account of processes 
that correspond to upwelling behavior at the Blue Hole. 
 
 
Figure 2.8. (A) G. sacculifer relative abundance residuals (%) vs. varve age (years CE). (B) A 
combined plot of
 δ15N residuals (‰ AIR) vs. varve age (years CE) and core depth (cm) and a 
3-point moving average of δ15N residuals. 
A 
B 
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This apparent disconnect between Blue Hole upwelling intensity regimes and records of 
hemispheric climate patterns like the NAO, ITCZ positioning, global periods of warming and 
cooling, and TC activity indicates that variations in local upwelling are associated with some 
forcing mechanism that has yet to be accounted for. The ocean-atmosphere phenomena evaluated 
above are most closely related to the tropical North Atlantic. The study on Yucatan–Caribbean 
Sea dynamics by Pérez-Santos et al. suggests that wind stress fields induced atmospheric events 
like cold front systems (i.e., extratropical phenomena) may play a role the variability of wind and 
ocean response for the region (Pérez-Santos et al., 2010). The relationship between wind and 
current dynamics as it dictates regional physical oceanography is a complex one. The 
identification of this particular process or group of processes is beyond the scope of this 
investigation but should be the focus of future studies regarding Blue Hole upwelling. 
2.6 Conclusions 
Geochemical analysis of the residual organic material of the Blue Hole reveals a record 
for centennial scale hydrographic activity for the western Caribbean Sea near Belize and its 
connection to paleoclimatology, in a region where no hydrographic investigation had previously 
focused. Based on data δ15N values for the residual organic material in Blue Hole core BZE-BH-
SVC4, the Blue Hole experienced three separate periods of intensification/diminishment in 
upwelling regimes over the past 1100 years. These upwelled components introduced to the Blue 
Hole surface waters were enriched in 
15
N which was then incorporated into Blue Hole organics 
as the nutrient-rich waters stimulated production in the nutrient-starved surface waters. The 
effect of this can be seen in the heightened δ15N signatures of sediments from ~1600 to 1968 CE 
and 900 to ~1200 CE. ~1200 to ~1600 CE marks a period of diminished upwelling accompanied 
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by a depleted δ15N signal resultant from decreased production in surface waters due to 
diminished upwelling.  
The 900 to ~1200 CE period of increased upwelling intensification is largely concurrent 
with basin-scale climatic factors either responsible for or associated with favorable conditions for 
strengthening the trade winds that dominate the western Caribbean Sea. This includes a 
persistently positive phase of the NAO, the global warming period of the MCA, and an increased 
number of record TC strikes at the Blue Hole. However, the transition from the weakened 
upwelling regime between ~1200 to ~1600 CE to heightened intensity from ~1600 to 1968 CE 
does not match the timing of these hemispheric scale climatic forces. The LIA and a persistently 
negative phase of the NAO continued beyond the cessation of the diminished upwelling regime 
and lasted until ~1900 CE while a period of upwelling intensification was ongoing. This 
temporal disconnect suggests that the heightened upwelling that occurred contemporaneously 
with the MCA, positive phase of the NAO, and increased recorded TC strikes from around 900–
1300 CE is coincidental in timing. Furthermore, a comparison between the fluctuations in 
upwelling intensity and small-scale shifts in the mean position of the ITCZ revealed that Blue 
Hole upwelling appears to be largely independent of that phenomenon and its association with 
increased flow of the Yucatan/Caribbean Current. We suggest that the long-term recurrence of 
cold fronts, with their upwelling-favorable winds, might be an additional important factor to 
consider. 
 
 
  
27 
 
3. ADDITIONAL SYNTHESIS AND FUTURE WORK 
3.1 Trace Element Analysis 
 Trace element analysis was performed on bulk samples from the BZE-BH-SVC4 core to 
determine if nutrient-like trace elements could be used as markers for fluxes in nutrient presence 
and production at the Blue Hole resultant from shifts in upwelling intensity. Trace metals are 
highly reactive in seawater. As a result, marine sediments are likely to be enriched in them as 
they are rapidly removed from solution are rapidly adsorped, precipitated, or incorporated into 
organic material. They can be sourced from atmospheric transport of dust or terrestrial material, 
hydrothermal activity, diagenetic remobilization through resolubilized trace metals attached to 
sinking marine material or organic matter, and from fluvial or atmospheric transport as a result of 
anthropogenic activity (Libes, 1992; Pilson, 2013). Trace metals with nutrient-like distribution, 
such as arsenic, barium, and cadmium, were of particular interest to this study due to their 
propensity to be incorporated into organic materials (Pilson, 2013).  
We hypothesized that the nutrient-like trace metals 
75
As, 
111
Cd, and 
137
Ba would be 
enriched at depth in the Caribbean deep water as they resolubilized during the metabolic 
destruction of sinking organic material and would be transported to surface waters through 
upwelling along with other remineralized nutrients. Upon their introduction into the near surface 
waters they would be incorporated into organic materials and included in the Blue Hole sediment 
record. As seen with 
15
N enrichment, we predicted that periods of increased upwelling intensity 
would be marked by a corresponding increase in the concentration of nutrient-like trace metals, 
thus providing another proxy for evaluating the hydrographic record at the Blue Hole. 
Analysis of trace metals was conducted at LSU using the iCAP Q ICP-MS. Concentration 
data was obtained via the Qtegra Experiment Editor program and analyzed using Qtegra 
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Experiment Editor and Excel. Powdered samples were taken from zones of interest and 
distributed in 0.5g allotments into 45ml centrifuge tubes. Each sample was treated with 5ml of 
0.5M nitric acid and placed on a hotplate at 100°C for 15 minutes. 6ml of 30% H2O2 was then 
added to each sample and then placed on a hotplate 100°C for 20 minutes. After treatment, each 
sample was filled to the 45ml mark with 18 megaohm deionized water, agitated, and then 
allowed to settle overnight. A 0.2ml aliquot was removed from each sample, placed in a 
centrifuge tube, and diluted with 2% nitric acid to the 10ml mark. Several sets of internal and 
external standards were created for the ICP-MS. External standards of 800ppm Ca, 400ppm 
Ca+2ppb MES, 400ppm Ca+5ppb MES, 400ppm Ca+30ppb MES were created. Analysis was 
conducted on iCAP Q ICP-MS on aqueous mode. Samples were mixed out of stratigraphic to 
lessen the potential of artificial trends being superimposed by any instance of instrumental drift. 
Samples tests were conducted with three main runs. 
75
As has a mean value of 0.546 ppm. 
111
Cd has a mean value of 0.078 ppm.  
137
Ba has a 
mean value of 6.842 ppm. 
75
As, 
111
Cd, and 
137
Ba concentrations exhibit no apparent variations in 
linear trend along the length of the core (Figure 3.1). Meaningful analysis is hampered by the 
incomplete sampling of the core. Any future trace element analysis of the BZE-BH-SVC4 core 
should begin with a more complete, high resolution sampling of core material. Depths 0–135 cm 
were only sparsely samples and thus unable to provide insight as to trace metal behavior for 
approximately the past 400 years of the Blue Hole history as it relates to the more complete 
upwelling record. However, first order analysis suggests that some variations in trace metal 
concentrations may indicate changes in overall core sedimentology rather than shifts in 
chemistry of Blue Hole surface waters. 
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Figure 3.1. A combined plot of nutrient-like trace metal concentrations. (A) 75 As (ppm) vs. 
core depth (cm). (B) 111 Cd (ppm) vs. core depth (cm). (C) 137 Ba (ppm) vs. core depth (cm) 
and varve age (years CE). Intervals highlighted in olive represent zones with high organic 
content. Intervals highlight in gray represent TC event layers.  
A 
B 
C 
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This is supported by the observation that several peaks in trace element concentration 
occur in zones where core stratigraphy changes from the typical annual varves observed by 
Gischler et al. (2008) (Figure 3.1). Two zones of higher organic content at 218–226 cm and 344–
346 cm are accompanied by some relative enrichment of trace elements, particularly the 218–226 
cm interval which experiences in 75 As and 111 Cd. These zones of higher organic content were 
identified by a visual assessment of the core images (Appendix A). Two of the TC event layers 
in the core are also associated with peaks in the trace element data. The thick, coarse-grained TC 
layers at 266–269 cm and 323–326 cm are also accompanied by sharp increase in 137 Ba values 
for those zones. It is possible that during periods of increased deposition of organic material with 
its propensity for adsorption to nutrient type trace elements (Pilson, 2013).  
However, since trace element analysis is highly sensitive to small changes or any 
contamination, we cannot rule out the inclusion of trace elements potentially incorporated into 
the carbonate materials of the Blue Hole rather than just the residual organics. Indeed, the 
variations in 137 Ba concentration for two of the TC event layers, which consist of coarser 
material sourced from the sloping edges of the sinkhole or from the surrounding reef and lagoon 
(Gischler et al., 2008), suggests that fluctuations in trace element concentrations are at least 
partially driven by changes in sediment rather than geochemical variations of the residual 
organics and the chemistry of the surface waters. The exact discernment of what shifts in 
sedimentology or geochemistry control the variations in trace element behavior is beyond the 
scope of this study but should prove a valuable question for future work.  
Some future project may focus on expanding the trace element record for the Blue Hole 
by resampling portions of the BZE-BH-SVC4 core to generate a more complete, high resolution 
data set. This comprehensive data could be compared to the full record of TC and storm event 
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beds documented by Denommee et al. (2014) to determine how the introduction of storm-driven 
sediments into the Blue Hole sediment record relates to variations in trace element geochemistry.  
3.2 Blue Hole Future Work 
 This study aids in determining how δ15N values of residual organic material can be used 
to create a record of upwelling history at the Blue Hole. This study identified three distinct 
regimes of upwelling intensification/diminishment within the past 1100 years there. However, 
the exact relationship between local upwelling at the Blue Hole and larger-scale climatic indices 
is still poorly understood. Within this study we determined that upwelling intensity appears to be 
largely decoupled from hemispheric-scale processes and events like the NAO, global periods of 
warming and cooling, TC strike occurrence, and mean positioning of the ITCZ.  
If upwelling is primarily related to the north-northwesterly winds during boreal summer 
as suggested by Gischler et al. (2008) and Pérez-Santos et al. (2010), then future investigations 
adding to this study should continue to focus on identify what specific atmospheric or climatic 
mechanisms drive variations in that wind field beyond the indices explored here. The occurrence 
of weather systems like regional low pressure or cold front systems documented by Pérez-Santos 
et al. (2010) and the forces that control them may play some role in development of physical 
oceanographic behavior in the western Caribbean.  
Future studies could also work to elaborate on the association between Blue Hole 
sedimentology and trace element enrichment briefly touched upon in this study. Work would be 
needed to expand the core sampling to establish a high resolution record of trace element 
behavior. This could be compared to various characteristics of core stratigraphy such as grain 
size, TOC, and TC beds to fully determine whether trace element concentration is exclusively 
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driven by stratigraphic characteristics or may reflect some aspects of nutrient presence and 
productions in Blue Hole surface waters as initially postulated in this investigation.   
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APPENDIX A: CORE IMAGES 
 
  
BZE-BH-SVC4 core images (modified from Denommee et al., 2014). 
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APPENDIX B: δ15N AND %N DATA 
Sample # Depth (cm) 
Varve Age 
(CE) 
C-14 (CE) δ15N %N 
1.06 6 1952 1613 1.25 0.05 
1.11 11 1939 1600 1.11 0.05 
1.15 15 1928 1589 1.30 0.11 
1.18 18 1920 1582 1.55 0.09 
1.20 20 1915 1576 1.52 0.09 
1.24 24 1904 1566 1.69 0.11 
1.26 26 1899 1561 1.54 0.10 
1.32 32 1883 1545 1.53 0.10 
1.35 35 1875 1537 1.59 0.11 
1.38 38 1867 1529 1.87 0.09 
1.45 45 1848 1511 1.27 0.10 
1.54 54 1824 1487 1.24 0.06 
1.55 55 1821 1484 1.27 0.08 
1.56 56 1818 1482 1.29 0.08 
1.57 57 1816 1479 1.37 0.08 
1.64 64 1797 1461 1.36 0.08 
1.70 70 1781 1445 1.34 0.08 
1.76 76 1765 1429 1.61 0.08 
1.81 81 1752 1416 1.53 0.10 
1.82 82 1749 1413 1.60 0.09 
1.83 83 1746 1411 2.20 0.09 
1.84 84 1744 1408 2.34 0.09 
1.85 85 1741 1405 1.80 0.10 
1.86 86 1738 1403 1.75 0.10 
1.92 92 1722 1387 1.50 0.09 
1.93 93 1719 1384 1.60 0.07 
1.95 95 1714 1379 1.23 0.08 
1.96 96 1711 1377 
 
0.08 
2.02 102 1695 1361 1.54 0.11 
2.03 103 1693 1358 2.45 0.10 
2.15 115 1661 1327 1.64 0.10 
2.16 116 1658 1324 1.68 0.10 
2.17 117 1655 1321 1.49 0.09 
2.23 123 1639 1306 1.87 0.04 
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Sample # Depth (cm) 
Varve Age 
(CE) 
C-14 (CE) δ15N %N 
2.31 131 1618 1285 1.62 0.04 
2.38 138 1599 1266 
 
0.07 
2.42 142 1588 1256 1.61 0.09 
2.43 143 1586 1253 1.55 0.09 
2.49 149 1570 1237 1.55 0.05 
2.55 155 1554 1221 1.34 0.09 
2.56 156 1551 1219 1.55 0.06 
2.57 157 1548 1216 1.41 0.09 
2.59 159 1543 1211 1.39 0.09 
2.68 168 1519 1187 1.34 0.06 
2.70 170 1513 1182 1.60 0.10 
2.71 171 1511 1179 1.41 0.08 
2.72 172 1508 1177 1.08 0.08 
2.73 173 1505 1174 1.21 0.08 
2.74 174 1503 1171 1.06 0.08 
2.75 175 1500 1169 0.78 0.08 
2.76 176 1497 1166 0.55 0.08 
2.78 178 1492 1161 0.73 0.07 
2.79 179 1489 1158 0.96 0.07 
2.80 180 1487 1156 
  
2.81 181 1484 1153 0.42 0.07 
2.82 182 1481 1150 1.47 0.08 
2.83 183 1479 1148 1.42 0.07 
2.84 184 1476 1145 2.36 0.08 
2.85 185 1473 1143 0.84 0.06 
2.86 186 1471 1140 1.32 0.05 
2.87 187 1468 1137 1.25 0.05 
2.94 194 1449 1119 1.51 0.06 
3.12 212 1401 1072 1.53 0.07 
3.13 213 1398 1069 1.32 0.08 
3.14 214 1396 1066 1.49 0.09 
3.19 219 1382 1053 1.69 0.08 
3.20 220 1380 1051 1.50 0.09 
3.21 221 1377 1048 1.26 0.09 
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Sample # Depth (cm) 
Varve Age 
(CE) 
C-14 (CE) δ15N %N 
3.22 222 1374 1045 1.34 0.07 
3.24 224 1369 1040 1.27 0.09 
3.25 225 1366 1037 1.30 0.09 
3.29 229 1356 1027 1.19 0.06 
3.30 230 1353 1024 1.10 0.07 
3.31 231 1350 1022 0.92 0.09 
3.32 232 1348 1019 0.89 0.08 
3.40 240 1326 998 1.30 0.06 
3.41 241 1324 995 1.34 0.07 
3.42 242 1321 993 1.36 0.08 
3.43 243 1318 990 1.43 0.07 
3.44 244 1316 987 1.67 0.05 
3.45 245 1313 985 1.60 0.07 
3.47 247 1308 980 1.28 0.08 
3.48 248 1305 977 1.35 0.08 
3.49 249 1302 974 1.29 0.08 
3.50 250 1299 972 1.50 0.08 
3.53 253 1291 964 1.32 0.08 
3.54 254 1289 961 0.57 0.07 
3.56 256 1283 956 0.34 0.08 
3.57 257 1281 953 0.63 0.09 
3.60 260 1273 945 0.63 0.07 
3.61 261 1270 943 0.73 0.08 
3.62 262 1267 940 0.77 0.08 
3.63 263 1265 937 1.17 0.09 
3.66 266 1257 930 1.18 0.04 
3.67 267 1254 927 0.78 0.04 
3.71 271 1243 916 0.51 0.05 
3.80 280 1219 893 1.77 0.08 
3.81 281 1217 890 1.20 0.07 
3.82 282 1214 888 1.34 0.07 
3.83 283 1211 885 1.13 0.07 
3.85 285 1206 880 1.60 0.07 
3.91 291 1190 864 1.40 0.08 
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Sample # Depth (cm) 
Varve Age 
(CE) 
C-14 (CE) δ15N %N 
4.05 305 1152 827 1.12 0.06 
4.06 306 1150 824 1.46 0.05 
4.07 307 1147 822 1.59 0.08 
4.08 308 1144 819 1.57 0.06 
4.13 313 1131 806 1.60 0.06 
4.14 314 1128 803 1.82 0.08 
4.15 315 1126 801 1.65 0.09 
4.19 319 1115 790 1.63 0.06 
4.20 320 1112 788 1.44 0.05 
4.21 321 1110 785 1.96 0.08 
4.22 322 1107 782 1.46 0.08 
4.27 327 1093 769 1.47 0.07 
4.29 329 1088 764 1.94 0.08 
4.30 330 1085 761 2.07 0.09 
4.32 332 1080 756 1.64 0.07 
4.33 333 1077 753 2.15 0.08 
4.34 334 1075 751 2.33 0.08 
4.36 336 1069 746 2.58 0.09 
4.37 337 1067 743 2.18 0.08 
4.39 339 1061 738 1.65 0.06 
4.42 342 1053 730 1.78 0.05 
4.43 343 1051 727 1.72 0.05 
4.45 345 1045 722 1.88 0.08 
4.46 346 1043 719 1.54 0.07 
4.60 360 1005 682 1.62 0.06 
4.62 362 1000 677 1.47 0.06 
4.64 364 994 672 1.65 0.06 
4.65 365 992 669 1.44 0.06 
4.66 366 989 667 1.59 0.07 
4.67 367 986 664 1.80 0.06 
4.68 368 984 661 1.48 0.06 
4.76 376 962 640 2.00 0.07 
4.83 383 944 622 1.03 0.03 
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